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Bai_xSrxCoo.8Feo.203_5  (BSCF)(0  <x<  1)  composite  oxides  were  prepared  and  tested  as  cathodes  for  low- 
temperature  solid  oxide  fuel  cells  (SOFCs)  both  in  the  absence  and  presence  of  CO2.  It  is  found  that  the 
BSCF  cathodes  in  the  whole  range  of  strontium  doping  levels  show  promising  performance  at  500-600  °C 
in  the  absence  of  C02,  among  which  the  SrCoo.8Fe0.203_5  (SCF)  cathode  gives  the  highest  power  density 
while  BaCo0.8Fe0.2O3_5  (BCF)  cathode  shows  the  lowest  performance.  The  impedance  analysis  reveals 
that  both  the  ohmic  resistance  and  polarization  resistance  of  the  fuel  cell  increases  when  the  strontium 
content  decreases.  It  is  believed  that  the  microstructure  and  electrical  conductivity  simultaneously  affect 
the  process  of  oxygen  reduction.  The  presence  of  CO2  deteriorates  the  BSCF  performance  by  adsorbing  on 
the  cathode  surface  and  thus  obstructing  the  oxygen  surface  exchange  reaction.  The  CO2  exerts  a  more 
intense  influence  on  BSCF  with  higher  barium  content. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cell  (SOFC)  has  emerged  as  one  of  the  most 
important  power  generation  technologies  because  of  its  high- 
energy-conversion  efficiency  and  low  pollution  emission  [1-4]. 
Low-temperature  solid  oxide  fuel  cell  (LT-SOFC)  is  receiving  grow¬ 
ing  interests  recently  due  to  its  improved  stability,  reliability  and 
reduced  cost  [5,6].  However,  the  challenge  for  LT-SOFCs  is  to 
develop  high-performance  cathode  materials  at  low  temperatures. 

Mixed  ionic  and  electronic  conducting  perovskite  oxides,  such 
as  Lao.6Sro.4Co03_(5,  Lao.6Sro.4C°o.8Feo.203-5>  Smo.sSro.sCoOs  and 
Ba0.5Sro.5Coo.8Feo.203_5  (BSCF5582)  [7-12],  are  of  great  interest  as 
intermediate  or  low-temperature  cathodes  because  they  contain 
active  oxygen  reduction  sites  over  the  entire  cathode  surface.  Cur¬ 
rently,  BSCF5582  represents  one  of  the  most  promising  cathode 
materials  that  has  attracted  considerable  attention  for  its  use  in 
LT-SOFCs  [12-18].  Haile  group  [12]  reported  that  BSCF5582  dis¬ 
played  excellent  performance  at  400-600  °C  in  both  dual  and  single 
chamber  configurations.  They  further  demonstrated  its  potential 
application  as  a  cathode  for  a  thermally  self-sustained  micro  SOFC 
stack  with  high  power  density  [13].  BSCF  has  good  chemical  com¬ 
patibility  with  GdxCe!_x02,  SmxCei_x02  and  Lai_xSrxGai_yMgy03 
electrolytes  which  exhibit  desirable  ionic  conductivity  at  low  tem¬ 
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peratures  [12-17].  Baumann  et  al.  [18]  reported  that  the  oxygen 
reduction  reaction  at  geometrically  well-defined  BSCF5582  micro¬ 
electrodes  was  limited  by  the  oxygen  surface  exchange  reaction 
and/or  by  the  transfer  of  oxide  ions  across  the  electrode/electrolyte 
interface.  Its  resistance  of  electrochemical  surface  exchange  was 
more  than  a  factor  of  50  lower  than  the  corresponding  value  of 
Lao.6Sr0.4Coo.8Fe0.203_5  microelectrodes  of  the  same  geometry. 

Although  promising  results  were  achieved,  some  drawbacks  of 
BSCF  were  also  reported.  Recently,  it  was  demonstrated  that  BSCF 
cathode  or  membrane  could  be  deteriorated  by  even  small  amount 
of  C02  [19-21]  owing  to  its  reaction  with  alkaline-earth  elements 
resulting  in  the  formation  of  Ba  and  Sr  carbonates  [20-21  ].  There¬ 
fore,  it  is  necessary  to  take  into  account  the  stability  of  BSCF  in 
atmosphere  containing  C02  since  the  presence  of  C02  is  character¬ 
istic  of  the  static  air. 

It  is  well  known  that  the  physical  and  chemical  properties  of 
the  perovskite-type  oxides  could  be  modified  by  tuning  the  com¬ 
position  of  A  and  B  sites  [22].  Recently,  several  groups  described  the 
influence  of  iron  doping  level  in  Ba0.5  Sr0.5  Cot  _y  Fey  03_5  on  its  phase 
structure,  electrical  conductivity  and  performance  [23,24].  On  the 
other  hand,  barium  doping  levels  in  A-site  also  affect  the  physical 
and  chemical  properties  of  BSCF  by  changing  the  oxygen  vacancy 
concentration  and  valance  of  B-site  cations  in  the  bulk  [25],  result¬ 
ing  in  the  variety  of  the  crystal  structure,  electrical  conductivity 
and  thermal  expansion  coefficients  [25,27].  Since  oxygen  vacan¬ 
cies  in  the  perovskite  structure  can  contribute  to  the  formation  of 
the  carbonate  [28,29],  altering  the  composition  of  A-site  might  also 
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Fig.  1.  The  performance  of  the  fuel  cell  with  Bai_xSrxCoo.8Fe0.203_5  cathodes  using  pure  oxygen  as  oxidant  at  various  temperatures  (a)  SrCoo.sFec^O^,  (b) 
Bao.3Sro.7Coo.8Feo.203_5,  (c)  Bao.sSro.sCoo.sFeo^O^,  (d)  Bao.7Sro.3Coo.sFeo.203_5  and  (e)  BaCoo.sFeo^O^. 


provide  a  useful  tool  to  improve  the  stability  of  BSCF  to  CO2.  In  the 
present  work,  a  series  of  BSCF  with  different  proportion  of  Ba  and 
Sr  elements  in  A-site  were  synthesized  and  their  electrochemical 
performance  were  examined  both  in  the  absence  and  presence  of 
1%  C02  in  order  to  examine  their  suitability  as  LT-SOFC  cathode 
materials. 

2.  Experimental 

The  BSCF  powders  were  prepared  by  a  combined  citrate 
and  EDTA  complexing  method  [25].  The  electrolyte  powder  of 
Smo.1Ceo.9O1.95  (SDC)  was  synthesized  according  to  the  combus¬ 
tion  method  with  Sm203  and  Ce02  as  initial  materials.  The  crystal 


structure  of  each  BSCF  composition  was  characterized  by  XRD 
(Rigaku/Miniflex). 

The  NiO-SDC  (60:40  wt.%)  anode-supported  thin-film  elec¬ 
trolyte  fuel  cells  were  fabricated  using  dry-pressing  method  as 
previously  described  [19].  The  cathode  was  screen-printed  on  the 
SDC  film  using  the  slurry  of  BSCF,  and  fired  at  950  °C  for  2  h.  The 
effective  area  of  the  cathode  was  0.5  cm2,  and  the  thickness  was 
about  20  |jim. 

The  cell  performance  was  evaluated  by  employing  an  in-house 
test  station.  The  single  cell  was  in  situ  reduced  in  the  presence 
of  H2  for  several  hours  and  then  the  performance  of  the  cell  was 
measured  at  500-600  °C  by  changing  an  external  load.  Flumidi- 
fied  hydrogen  (3%  FI20)  and  oxygen  were  supplied  at  a  flow  rate 
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Fig.  2.  The  performance  of  the  fuel  cell  with  Bai_xSrxCoo.8Feo.203_,5  cathode  using  1%  C02/02  as  the  oxidant  at  various  temperatures  (a)  SrCoo.8Fe0.203_,5,  (b) 
Ba0.3 Sr0.7 Coq.8 Fe0.2 03_,$ ,  (c)  Bao.5Sro.5Coo.8Feo.203_a,  (d)  Ba0.7Sro.3Coo.8Fe0.203_s  and  (e)  BaCo0.8Fe0.2O3_5. 


of  100  ml  min-1  to  the  anode  and  the  cathode  side,  respectively. 
In  order  to  investigate  the  influence  of  CO2  on  BSCF  cathode,  1% 
C02  was  introduced  into  the  cathode  gas  line.  Meanwhile,  the  cur¬ 
rent  density  at  a  constant  voltage  value  of  0.7  V  was  recorded  along 
with  time.  The  electrochemical  impedance  spectra  (EIS)  measure¬ 
ments  were  carried  out  under  open  circuit  conditions  by  using  a 
Solartron  1287  potentiostat  and  a  1260  frequency  response  ana¬ 
lyzer.  The  spectra  were  taken  in  the  frequency  range  of  0.1  Hz  to 
5  kHz  with  signal  amplitude  of  10  mV. 

Carbon  dioxide  temperature  programmed  desorption  (TPD)  was 
measured  on  the  flowing  reaction  system  using  a  mass  spectrom¬ 


eter  (Ominstar  Balzers)  as  the  detector,  as  previously  described 
[29].  The  signal  of  CO2  was  recorded  after  co-adsorption  of  1% 
C02/He  +  5%02/He  gas  mixture  at  600  °C  for  2  h. 

3.  Results  and  discussion 

3.1.  Cell  performance  both  in  the  absence  and  presence  of  C02 

Fig.  1  presents  the  I-V  curves  and  the  corresponding  power 
densities  of  the  single  cell  with  BSCF  cathodes  at  temperatures 
ranging  from  500  to  600  °C  under  the  condition  of  using  pure 
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Fig.  3.  Current  density  along  with  time  at  temperatures  ranging  from  500  to  600°C  with  1%  of  CO2  in  pure  oxygen  as  oxidant,  V=0.7V  (a)  SrCo0.8Feo.203_5,  (b) 
Bao.3Sro.7Coo.8Feo.203_5,  (c)  Bao.sSro.sCoo.sFeo^Os-a,  (d)  BaojSrcnCoo.sFeo^Os-s  and  (e)  BaCoo.8Feo.203_^. 


oxygen  as  the  oxidant.  All  the  cathodes  exhibit  high  perfor¬ 
mance  in  the  present  experimental  conditions.  For  instance,  peak 
power  densities  as  high  as  1.01,  1.00,  0.88,  0.84  and  0.66  W  cm-2 
are  obtained  with  SrCo0.8Fe0.2O3_5  (SCF),  Bao.3Sr0.7Coo.8Fe0.203_g 
(BSCF3782),  BSCF5582,  Ba0.7Sro.3Coo.8Feo.203_8  (BSCF7382)  and 
BaCo0.8Fe0.2O3_8  (BCF)  cathodes  at  600  °C,  respectively.  It  can  be 
seen  that  the  SCF  cathode  shows  the  highest  performance  among 
the  samples,  followed  by  BSCF3782  and  BSCF5582  cathodes.  BCF 


cathode  exhibits  the  lowest  performance  with  its  peak  power  den¬ 
sity  as  0.66,  0.30  and  0.14 W cm-2,  respectively  at  600,  550  and 
500  °C. 

Fig.  2  illustrates  the  cell  performance  with  different  cathodes 
using  1%  C02/02  as  the  oxidant.  All  the  cells  exhibit  a  decrease  in 
performance  as  compared  with  that  when  pure  oxygen  was  utilized 
as  oxidant.  The  cell  with  SCF  cathode  remains  the  highest  perfor¬ 
mance,  and  the  maximum  power  densities  (MPDs)  of  the  cell  are 


80 


A  Yan  et  al.  /  Journal  of  Power  Sources  185  (2008)  76-84 


0.99,  0.58  and  0.27  W cm-2  at  600,  550  and  500  °C,  respectively. 
Additionally,  relatively  high  performance  is  obtained  for  the  cell 
with  BSCF3782  and  BSCF5582  cathodes  since  the  MPD  of  these 
two  cells  at  600  °C  are  0.85  and  0.63  W cm-2  comparing  the  val¬ 
ues  of  MPD  as  0.39,  0.13  and  0.06  Wcm“2  at  600,  550  and  500  °C 
when  the  cathode  of  the  cell  is  BCF.  In  previous  investigations 
[19,21  ],  we  have  found  that  even  small  amount  of  C02  deteriorated 
Ba0.5Sro.5Coo.8Feo.203_5  cathode.  The  results  presented  in  Fig.  2 
suggest  that  C02  has  a  poisoning  effect  on  Bai_xSrxCo0.8Fe0.2O3_5 
cathodes  in  the  whole  range  of  strontium  doping  levels.  The  influ¬ 
ence  of  C02  on  the  samples  we  test,  however,  varies  possibly  due 
to  the  different  compositions  and  structures  of  the  samples,  which 
will  be  discussed  later  in  this  paper. 

3.2.  Stability  of  current  density  at  a  constant  voltage 

In  order  to  further  investigate  the  poisoning  effect  of  C02  on 
BSCF  cathodes,  02  was  replaced  by  1%  C02/02  as  the  oxidant,  and 
the  current  density  at  0.7  V  was  recorded  along  with  time.  The 
results  are  shown  in  Fig.  3.  It  can  be  seen  that  the  current  density 
reduces  rapidly  due  to  the  introduction  of  C02  in  the  first  2  min,  and 
progressively  decreases  along  with  time  until  it  reaches  a  steady 
state  after  a  period  of  time.  It  is  worth  noting  that  the  influence  of 
CO2  on  SCF  is  less  than  that  on  other  cathodes.  For  SCF,  the  current 
density  at  600,  550  and  500  °C  is  1.006,  0.558  and  0.236  A  cm-2, 
respectively  under  the  condition  of  using  1%  of  C02/02  as  oxi¬ 
dant,  which  corresponds  to  0.078,  0.102  and  0.058  A  cm-2  loss  of 
the  current  density.  The  deterioration  effect  is  aggravated  with 
the  increasing  of  barium  content  in  the  A-site.  When  the  A-site 
is  completely  substituted  by  barium,  the  current  density  is  only 
~0.002  A  cm-2  at  0.7  V  at  all  temperatures. 

3.3.  XRD  and  SEM  characterizations 

Fig.  4(a)  shows  the  XRD  patterns  of  BSCF  powders  with  different 
strontium  doping  levels.  Strong  reflection  peaks  with  the  diffrac¬ 
tions  at  26  =  23°,  32°,  40°,  46°,  54°  and  59°  identified  as  typical 
perovskite  structure  [25]  are  presented  on  the  XRD  patterns  of  BSCF 
for  x  <  0.5.  Weak  diffraction  peaks  at  26.9°  and  41.8°,  which  can  be 
assigned  to  BaCo02.93  phase,  are  also  observed  besides  the  per¬ 
ovskite  peaks  for  x  =  0.7,  indicating  that  second  phase  is  formed  in 
this  sample.  Diffractions  at  20  =  36-40°,  41  -43°,  51  -55°  and  58-60°, 
which  can  be  attributed  to  BaO,  Fe203  and  some  unknown  phases, 
appear  on  the  XRD  pattern  of  BCF  sample.  It  is  known  that  the  tol¬ 
erance  factor  (t)  must  lie  within  the  range  of  0.8-1  in  order  to  form 
a  perovskite  crystal  structure  [22].  For  BCF,  t  is  larger  than  1  even 
when  all  the  Fe  and  Co  ions  are  of +3  state.  Therefore,  it  is  difficult  to 
obtain  BCF  with  pure  perovskite  structure.  It  can  also  be  observed 
that  the  main  peak  around  26  =  32°  of  the  samples  shifts  gradually 
to  higher  degrees  when  x  increases  from  0  to  1,  suggesting  that  the 
lattice  parameters  decrease  with  increasing  the  strontium  content, 
which  is  resulted  from  the  substitution  of  small  Sr2+  ions  with  large 
Ba2+  ions. 

Fig.  4(b)  depicts  the  XRD  patterns  of  BSCF  powder  after  being 
treated  in  1%  C02/02  at  600  °C  for  30  min.  By  comparing  with 
Fig.  4(a),  it  can  be  seen  that  no  reflection  peaks  of  newly  formed 
chemicals  occur,  which  is  different  from  what  was  observed  when 
BSCF  was  treated  in  C02/He  atmosphere  [29].  This  is  because  the 
presence  of  02  could  inhibit  the  reaction  between  C02  and  BSCF 
perovskite,  as  has  been  reported  previously  [29]. 

The  grain  size  of  the  starting  powder  was  detected  by  SEM 
and  the  results  are  listed  in  Table  1.  Generally  speaking,  all  the 
samples  with  different  compositions  comprise  of  small  particles 
and  big  agglomerates.  As  the  barium  content  increases,  the  parti¬ 
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Fig.  4.  (a)  The  XRD  patterns  of  Bai_xSrxCoo.8Feo.203_^;  (b)  the  XRD  patterns  of 
Ba1_xSrxCo0.8Feo.203_5  after  treated  in  1%  C02/02  for  30  min. 


cles  become  larger.  Especially  for  BCF,  the  porous  agglomerates  of 
10-20  |jim  are  prevail. 

Fig.  5  shows  the  SEM  micrograph  of  BSCF  cathodes  calcined  at 
950  °C.  For  the  samples  with  x>0.3,  the  cathodes  show  a  struc¬ 
ture  with  reasonable  porosity  and  well-necked  particles,  having 
good  adhesion  to  the  electrolyte.  SCF  cathode  contains  small  parti¬ 
cles  of  ~2  [xm  and  large  agglomerates  of  ~10  [xm.  For  the  samples 
withx  <  0.7,  completely  fused-together-particles  are  present  and  no 
boundary  of  the  primary  particles  can  be  identified.  As  far  as  BCF 
is  concerned,  an  over-sintering  phenomenon  and  poor  connection 
with  the  electrolyte  are  observed.  Large  particles  over  20  |xm  are 
formed. 

Fig.  6  illustrates  the  SEM  pictures  of  BSCF  cathodes  after  oper¬ 
ated  in  1%  C02/02  at  600  °C.  The  samples  show  a  coarsened 
microstructure  as  compared  with  the  case  of  fresh  ones.  However, 
no  particles  related  to  carbonates  are  observed. 


Table  1 

Grain  size  of  Bai_xSrxCoo.sFeo.203_5  powder 


Sample 

SCF 

3782 

5582 

7382 

BCF 

Small  particle  (p,m) 

1-2 

~2 

2-5 

~5 

Agglomerates  (p,m) 

5-7 

~7 

~8 

~9,  ~20 

10-20 
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Fig.  5.  SEM  micrograph  of  the  surface  of  Bai_xSrxCoo.8Fe0.203_,5  cathode  sintered  at  950°C  (a)  SrCoo.8Fe0.203_,5,  (b)  BaojSrojCoo.sFeo^O^,  (c)  Bao.sSro.sCoo.sFeo^O^,  (d) 
Ba0.7 Sr0.3 Co0.8 Fe0.2 03_,$  and  (e)  BaCo0.8Fe0.2O3_5. 


3.4.  Impedance  analysis 

In  Fig.  7,  the  impedance  spectra  of  the  fuel  cell  with  different 
BSCF  cathodes  using  02  or  1%  C02/02  as  oxidant  are  compared. 
The  intercept  with  the  real  axis  at  high  frequencies  represents  the 
ohmic  resistance  (Ifo),  while  the  intercept  with  the  real  axis  at  low 
frequencies  corresponds  to  the  total  resistance  of  the  cell  (Rj).  The 
polarization  resistance  (Kp)  can  be  derived  by  the  equation  pro¬ 
posed  by  Liu  and  Hu  [30].  The  impedance  of  the  cell  at  600  °C  with 
02  as  oxidant  is  a  pressed  arc  including  two  arcs.  The  high  fre¬ 


quency  arc  can  be  attributed  to  the  charge  transfer  process  on  the 
cathode,  which  is  contributed  by  the  surface  contact  of  the  cath¬ 
ode  particles  on  the  electrolyte  surface  [31-33].  On  the  other  hand, 
the  low-frequency  arc  is  related  to  the  exchange  reaction  of  oxy¬ 
gen  on  the  cathode  surface  [34].  The  impedances  of  the  fuel  cells 
were  measured  by  using  a  two  electrode  configuration.  Thus,  the 
obtained  impedance  was  the  combination  of  the  anode,  cathode 
and  electrolyte.  Since  the  anode  and  electrolyte  were  identical  for 
all  the  cells,  differences  in  the  impedance  spectra  could  be  assigned 
solely  to  differences  in  the  cathode  at  a  given  temperature. 
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Fig.  6.  SEM  micrograph  of  the  surface  of  Ba1_xSrxCoo.8Feo.203_5  cathode  after  operated  in  1%  C02/02  at  600  °C  for  30  min  (a)  SrCoo.8Fe0.203_s,  (b)  BaojSrojCoo.sFec^O^,  (c) 


Ba0.5 Sr0.5 Coq.8 Fe0.2 03_^ ,  (d)  Bao.7Sr0.3Coo.8Feo.203_a  and  (e)  BaCo0.8Fe0.2O3_5. 


The  ohmic  resistance,  which  is  from  the  electrolyte,  electrodes 
and  connection  wires,  decreases  continually  with  the  increase  of 
strontium  content.  For  example,  the  R q  of  the  cells  at  600  °C  is 
0.171,  0.125,  0.118,  0.092  and  0.088  £2  cm2  when  the  value  of  x  is 
equal  to  0,  0.3,  0.5,  0.7  and  1,  respectively.  It  was  reported  that 
BSCF  with  different  compositions  in  A-site  shows  quite  different 
electrical  properties  and  its  electrical  conductivity  elevated  con¬ 
comitant  with  the  decrease  of  the  barium  doping  level  [27].  As 
reported  by  Wei  et  al.  [27],  the  electrical  conductivity  of  BSCF3782 


and  BSCF7382  at  600  °C  was  ~20  and  ~60Scm-1,  respectively. 
Therefore,  the  variance  of  Rq  with  different  compositions  could  be 
attributed  to  their  different  electrical  conductivities  and  different 
contact  resistances  between  the  cell  and  the  silver  mesh  [35]. 

The  polarization  resistance  increases  slowly  with  the  value  of 
x  dropping  from  1  to  0.3  and  then  increases  dramatically  when 
the  value  of  x  equals  to  0  (BCF).  A  similar  trend  was  observed  at 
all  temperatures.  It  is  known  that  the  microstructure  of  the  elec¬ 
trodes  has  a  significant  effect  on  the  electrode  properties  [36-38]. 


A.  Yan  et  al.  /  Journal  of  Power  Sources  185  (2008)  76-84 


83 


Re  Z  (Q  cm2) 


Fig.  7.  Comparison  of  the  impedance  spectra  of  the  fuel  cell  in  the  absence  and 
presence  of  C02  at  500-600  °C.  (a)  600  °C;  (b)  550  °C;  (c)  500  °C. 


The  poor  microstructure  led  to  a  decrease  of  the  electrode  porosity 
and  triple  phase  boundary  (TPB)  length,  which  not  only  prohib¬ 
ited  the  transport  of  oxygen  but  also  reduced  the  reaction  zone. 
As  can  be  seen  from  Fig.  5,  the  SCF  cathode  shows  the  small¬ 
est  particles  which  provide  the  highest  specific  surface  area  and 


Fig.  8.  C02-TPD  profiles  from  Bai_xSrxCoo.8Feo.203_5  after  C02-02  co¬ 
adsorption  at  600°C  for  2h.  (A)  SrCoo.sFeo^O^;  (B)  Bao.3Sr0.7Coo.8Feo.203_5; 
(C)  Bao.5Sr0.5Coo.8Feo.203_^;  (D)  BaojSrcnCoo.sFeo^O^;  (E)  BaCoo.sFeo^O^. 

largest  TPB  length.  In  contrast,  the  BCF  cathode  exhibits  a  poor 
microstructure  with  20  |jim  particles.  Meanwhile,  the  process  of 
oxygen  reduction  is  also  affected  by  the  electrical  conductivity. 
Zeng  et  al.  [39]  and  Wei  et  al.  [27]  reported  that,  the  total  conduc¬ 
tivity  of  BSCF  was  improved  when  the  strontium  content  increased. 
Moreover,  the  secondary  phases  are  formed  in  BSCF7382  and  BCF 
and  high  ohmic  resistance  are  subsequently  introduced  in  the  sys¬ 
tem  [40-42].  Therefore,  the  microstructure,  electrical  conductivity 
and  component  of  the  materials  simultaneously  affect  the  process 
of  oxygen  reduction. 

When  C02  was  introduced  into  the  cathode  gas  line,  the  variance 
of  the  ohmic  resistance  and  the  high-frequency  arc  polarization  is 
very  small.  Flowever,  the  low-frequency  arc  polarization  resistance 
increases  as  compared  with  that  under  the  condition  of  using  02  as 
oxidant,  especially  when  the  strontium  content  is  lower  than  0.5. 
A  similar  phenomenon  is  observed  at  various  temperatures.  Com¬ 
bined  the  impedance  spectra  with  the  XRD  results,  it  is  conceivable 
that  the  existence  of  C02  mainly  influences  the  exchange  reaction 
of  oxygen  and  the  cathodes  with  higher  barium  contents  are  more 
susceptible  to  C02. 

3.5.  CO2-TPD 

According  to  the  impedance  characterization,  it  is  reasonable 
to  propose  that  the  different  effect  of  C02  on  BSCF  results  from 
its  different  adsorption  property  on  these  materials.  In  a  previous 
TPD  investigation,  it  was  found  that  the  amount  of  C02  adsorbed 
on  BSCF  increased  with  elevated  barium  doping  level  [29].  Since 
the  cell  was  operated  in  an  oxygen-rich  environment,  a  C02-TPD 
experiment  after  co-adsorption  of  C02  and  02  was  conducted  in 
the  present  investigation  and  a  similar  trend  is  observed.  As  can  be 
seen  in  Fig.  8,  the  desorption  of  C02  reaches  a  peak  at  726.0,  733.9, 
777.4  and  823.3  °C  with  x  =  0.7,  0.5, 0.3  and  0.  The  TPD  profile  of  SCF 
shows  two  desorption  peaks  at  721.7  and  789.3  °C.  Meanwhile,  the 
desorption  area  of  C02  increases  remarkably  as  the  barium  content 
increases  from  0  to  1.  The  TPD  results  confirm  that  C02  is  easier  to 
be  adsorbed  on  BSCF  with  higher  barium  content.  When  small  Sr 
ions  were  substituted  by  larger  Ba  ions,  the  Fe  and  Co  ions  were 
prone  to  be  oxidized  from  lower  to  higher  valences  to  maintain  the 
perovskite  structure,  which  was  concurrent  with  the  creation  of 
oxygen  vacancies  in  order  to  keep  the  electrical  neutrality  [25,43], 
providing  adsorption  sites  for  C02. 
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It  can  be  seen  that  BSCF  cathode  with  high  strontium  content 
(x  =  1,  0.7,  0.5)  shows  low  ohmic  and  polarization  resistance,  high 
power  density  and  high  resistant  to  C02  attack.  However,  SCF  has 
a  high  TEC  and  is  prone  to  change  to  brownmillerite-type  struc¬ 
ture  below  1073  K  at  Po2  lower  than  around  0.1  atm  [26].  Therefore, 
compositions  with  50-70%  strontium  content  are  more  suitable  as 
cathode  materials  for  LT-SOFCs. 

4.  Conclusions 

A  series  of  BSCF  with  different  composition  of  Ba  and  Sr  in  the 
A-site  were  synthesized  and  their  electrochemical  performance 
were  evaluated  both  in  the  absence  and  presence  of  1%  C02  in 
order  to  examine  their  suitability  as  LT-SOFC  cathode  materials.  All 
the  BSCF  (0<x<  1)  cathodes  displayed  promising  performance  at 
500-600  °C  in  the  absence  of  C02.  Increase  of  the  strontium  dop¬ 
ing  level  in  BSCF  led  to  moderate  decrease  in  the  ohmic  resistance 
and  polarization  resistance  of  the  fuel  cell.  The  presence  of  C02  had 
a  negative  effect  on  the  performance  of  the  fuel  cell.  Particularly, 
BSCF  with  higher  barium  content  was  found  to  be  more  susceptible 
to  C02.  Based  on  all  these  results,  we  propose  that  BSCF  containing 
50-70%  strontium  is  potential  cathode  materials  for  LT-SOFCs. 
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